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Abstract
The performance of a free electron laser (FEL) using a low-power extreme ultraviolet (EUV) pulse as an input seed is investigated.
The parameters are appropriate for 30 nm seeds produced from high-power Ti:Sapphire pulses using high harmonic generation schemes.
It is found that, for reasonable beam parameters, robust FEL performance can be obtained. Both time-independent and time-dependent
simulations are performed for varying system parameters using the GENESIS simulation code. A comparison is made with a two-stage
harmonic FEL that is seeded by a high-power Ti:Sapphire pulse.
 2007 Elsevier B.V. All rights reserved.
PACS: 41.60.Cr; 29.27.a
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1. Introduction
The process of high-order harmonic generation (HHG)
from a gas jet is now routinely used for the generation of
bursts of coherent radiation at very short wavelengths
[1, and references therein], with energies of the order of a
few nJ per pulse. There is currently much anticipation at
the use of these radiation sources as a seed for free electron
lasers (FELs) which can produce extremely powerful pulses
(with peak power on the order of a GW), with recent stud-
ies [2–5] considering output wavelengths ranging from
266 nm down to 12 nm. Among the beneﬁts of using an
HHG source as an FEL seed, as opposed to operating in
the mode of self-ampliﬁed spontaneous emission (SASE)
[6], in which spontaneous radiation is ampliﬁed, are nar-
rower (possibly transform-limited) output spectra, shot-
to-shot consistency, synchronization of the output pulse,
and a shorter undulator section. Although the technology
of HHG sources is continually improving, currently the
photon yield of experimental sources drops oﬀ sharply with
photon energy at around a hundred eV.
Seed pulses at longer wavelengths can be used to pro-
duce X-ray radiation using the technique of harmonic gen-
eration [7,8], or even a harmonic cascade [9] consisting of
multiple stages of harmonic generation. A harmonic gener-
ation FEL requires an initial seed pulse which is used to
create an energy modulation on the beam. Many groups
have investigated the use of conventional laser seed pulses
in harmonic cascade FELs, including proposals for soft
X-ray FELs based on this idea. By using an HHG seed
in the extreme ultra-violet (EUV) wavelength range, the
harmonic conversion to soft X-rays becomes much simpler
and can be accomplished in a single stage. This option has
been discussed previously [10,11], and a two-stage har-
monic cascade yielding 0.3 nm radiation has also been ana-
lyzed [12].
In this paper, we consider an FEL which uses currently
demonstrated HHG technology as a seed, with an available
repetition rate of 1 kHz, to optimize the usefulness of the
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system as a research tool. We also seek to limit our atten-
tion to HHG sources which have been well-characterized
and which have suﬃcient pulse energy to be eﬀective as
an FEL seed. A Ti:Sapphire laser driver containing a few
mJ in a 25 fs pulse at 800 nm wavelength has been shown
to generate similarly short pulses at high harmonics down
to 30 nm wavelength with a few nJ of energy per harmonic
[1]. The repetition rate of these pulses is determined by the
repetition rate of the Ti:Sapphire laser, and is of the order
of 1 kHz. EUV pulses with pulse energy approaching 1 lJ
have also been demonstrated, but at a much lower repeti-
tion rate [13].
We study two FEL designs, one using an EUV seed at
30 nm produced by HHG, and the other a VUV seed at
240 nm using conventional nonlinear optics requiring a rel-
atively modest drive laser that is also consistent with a
1 kHz repetition rate. In both cases, the output from the
FEL consists of soft X-rays in the ‘‘water window,’’ having
a wavelength of 3.75 nm. This corresponds to the 8th har-
monic of the EUV seed, using one stage of harmonic gener-
ation, or the 64th harmonic of the VUV seed, using two
stages of harmonic generation. The electron beam has nom-
inal parameters of 1 GeV energy, 500 A current, 1.2 lm
normalized emittance, and an energy spread of 75 keV.
We perform several optimizations for the HHG-seeded
FEL based on variations of these parameters, and compare
the requirements for the baseline FEL design with those for
a conventionally-seeded FEL that produces similar output.
In particular, we examine the sensitivity of the FEL output
to noise in the input seed, and establish tolerances for the
noise levels in order to achieve shot-to-shot repeatability
and high longitudinal coherence. In simulations starting
with a low-power seed, numerical noise tends to be greater
than the expected shot noise, which is also modelled; we
have sought out designs which result in the FEL simulation
being relatively insensitive to numerically introduced noise.
The time-independent EUV-seeded FEL performance is
presented in Section 2. Time-dependent simulation results
are given Section 3. Results for an alternative FEL design
that uses a 240 nm seed and two harmonic generation
stages are given in Section 4. For the VUV-seeded FEL,
the ﬁrst stage of harmonic generation is used to produce
a pulse of EUV radiation, also at 30 nm, which is then used
as input to the second stage of the FEL. The sensitivity to
input noise for both FEL schemes is studied in Section 5,
and a brief discussion of the results is given in the
conclusions.
2. Time-independent FEL simulations of an EUV-seeded
FEL
A schematic of the FEL is depicted in Fig. 1. We assume
that the EUV seed pulse has a central wavelength of 30 nm,
a pulse duration of 25 fs (FWHM in power), a peak power
of 100 kW and has transverse and temporal coherence. We
consider an HHG pulse that has already been ﬁltered both
in terms of selecting a single harmonic and of smoothing
the sub-femtosecond timing structure. We also note that
interaction of the ﬁrst undulator in the FEL with the
HHG pulse should not be sensitive to variations on such
short time scales. The electron beam enters from the left
into an optical klystron [14] consisting of two undulators
separated by a bunching chicane. Following a second
bunching chicane, the electron beam radiates in the ﬁnal
undulator at a harmonic of the HHG seed. The laser seed
is focused to a waist of 120 lm radius in the midpoint of
the ﬁrst undulator, corresponding to a Rayleigh length of
3 m. The nominal electron beam is as described above.
The typical electron beam radius is 60 lm.
The FEL consists of three undulators, separated by 1 m
breaks which contain a magnetic chicane to generate or
enhance electron bunching. The ﬁrst two undulators are
tuned for the 30 nm wavelength of the HHG pulse, and
each have a 3 cm wavelength with 60 periods, for a length
of 1.8 m. The third undulator is tuned to the 8th harmonic,
or 3.75 nm wavelength, and has a 1.5 cm wavelength with a
total of 800 periods, for a total length of 12 m. The bunch-
ing chicane following the modulator has an R56 of 30 lm,
while the chicane before the ﬁnal radiator has R56 =
7.5 lm.
The EUV seed and the electrons overlap in the ﬁrst und-
ulator, creating an energy modulation. The chicane is used
to convert the energy modulation into a current modula-
tion, which generates further energy modulation in the sec-
ond undulator. This optical klystron conﬁguration results
in much stronger modulation of the electron beam com-
pared to the case where the same total length of undulator
is used without a magnetic chicane. Furthermore, in this
way the modulator is kept suﬃciently short that diﬀraction
of the HHG signal does not negatively impact the perfor-
mance. By the end of the second undulator, the HHG sig-
nal at the original wavelength is ampliﬁed to 27 MW, and
the electron bunching at the fundamental is 0.14. The mod-
ulated beam leaves the second undulator and is further
bunched by another magnetic chicane in order to maximize
the bunching at the eighth harmonic, achieving a bunching
of 0.04. It then enters the radiator which is tuned to a wave-
length of 3.75 nm. Except for the use of the optical kly-
stron, this design is similar to earlier designs for
harmonic generation in FELs. An output power of approx-
imately 300 MW is produced.
Numerical simulations were performed using GENESIS
[15], which allows for either single-slice (i.e., time-indepen-
Fig. 1. Schematic of an FEL seeded by a 30 nm EUV pulse. The ﬁrst two
undulators are tuned for 30 nm, and have 60 periods and a 3 cm
wavelength. The ﬁnal radiator is tuned for the eighth harmonic, has an
undulator period of 1.5 cm, and is 12 m long (800 periods). The breaks
between undulators are each 1 m long and contain magnetic chicanes.
168 M. Gullans et al. / Optics Communications 274 (2007) 167–175
dent) or time-dependent simulations. The resonance condi-
tion [16] is k  kuð1þ a
2
uÞ=2c
2, where k is the radiation
wavelength, c is E=mec
2, E is the electron beam energy,
me the electron mass, c is the speed of light, au 
eBrmsku=2pmec is the normalized undulator parameter, ku
is the undulator period, Brms is the rms magnetic ﬁeld in
the undulator, and jej is the electron charge. FEL tuning
is accomplished by adjusting au so as to maximize FEL
output power.
The initial FEL designs were optimized with single-slice
simulations, and then the single slice optimum conﬁgura-
tions were used in full time-dependent runs. The ﬁrst two
undulators are shorter than or comparable to the gain
length, which is predicted to be 0.8 m compared to
1.1 m for the third undulator. Therefore, they operate in
the low-gain regime, and radiation due to ampliﬁcation
of spontaneous emission is small. The seeded bunching
is well above noise levels in these simulations. Care was
taken to avoid numerical problems that arise from the
low power of the initial laser seed. For example, at energy
spreads larger than the nominal value, the weak initial
energy modulation and the large R56 required to achieve
bunching resulted in large statistical ﬂuctuations in the
distribution of macroparticles and output power. We note
that the ‘‘quiet load’’ algorithm, which is designed to
reduce spurious frequency components in the electron dis-
tribution, may fail due to the fact that the required ampli-
ﬁcation of the initial laser seed generates statistical noise
in the macroparticles. Design of seeded FELs always
requires attention to be paid to competition between the
seeded interaction and spontaneous emission from ﬂuctu-
ations within the electron beam. In the examples consid-
ered here, special care must be taken to ensure that the
simulation results have converged numerically. Because
of computational limitations, this imposes constraints
not only on the complexity of the simulation but also
on electron beam quality and input seed parameters.
The nominal seed power of 100 kW (2.5 nJ) is already
low by FEL standards, and we have assumed optimal
focusing of the HHG seed. For the nominal set of param-
eters, convergence tests show computational ﬂuctuations
of 4% for the output power, while the output phase ﬂuc-
tuates by 0.15 rad.
We evaluated the performance with transverse emittance
N of 1.2 lm, 1.0 lm, and 0.8 lm, adjusting the beam
radius to match a beta function of around 6 m. We also
considered increasing the peak current, possibly at the
expense of increasing the energy spread (I = 600 A with
either rE ¼ 75 keV or rE ¼ 100 keV). The results are
shown in Fig. 2, where the logarithmic power is plotted
as a function of interaction length in the ﬁnal undulator.
These results are summarized in Table 1. The cases were
individually optimized by varying au in each undulator as
well as the strength of the R56 parameter in the magnetic
chicane. Three of the curves in Fig. 2 illustrate the emit-
tance sensitivity; also shown is the performance which
could be achieved for a peak current of 600 A, both with
and without a corresponding increase in energy spread to
100 keV. For the nominal parameters, the initial bunching
is 4.3%, the power at 2 m is 2.0 MW, the peak power is
290 MW and the gain length LG is 1.7 m, where 1/LG is
the typical value of ð1=P ÞdP=dz during the period of expo-
nential growth in output power. This gain length corre-
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Fig. 2. Power as a function of interaction length along the ﬁnal radiator
for diﬀerent beam parameters.
Table 1
Sensitivity of FEL performance, after tuning, to parameter variations in
time-independent simulations
Beam parameters Initial
bunch (%)
Power: 2 m
(MW)
Power: end
(MW)
LG
(m)
Nominal 4.3 2.0 290 1.7
N ¼ 1:0 lm 4.1 2.3 366 1.6
N ¼ 0:8 lm 3.3 1.8 474 1.4
I = 600 A 3.7 2.3 435 1.5
I = 600 A and
rE = 100 keV
3.0 1.5 350 1.5
The nominal parameters are N ¼ 1:2 lm, E = 1.0 GeV, I = 500 A, and
rE = 75 keV.
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Fig. 3. The output power as a function of the input power, tuned for a
100 kW input, for the nominal FEL parameters.
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sponds to a Pierce parameter [17] of 4 · 104, and is worse
than the idealized gain length of 1.1 m as a result of the
increase in energy spread to 315 keV while passing through
the ﬁrst two undulators.
We see from Fig. 2 that the FEL is operating in the high-
gain regime. In each simulation, the power initially has
quadratic growth determined by the initial bunching and
then begins to grow exponentially, with gain length LG,
at around 3 m in the undulator. The bunching reaches a
maximum and then begins to decrease, leading to the satu-
ration of power growth by the end of the radiator. A slight
over-modulation of the electron beam, in few instances,
causes some debunching and reduction of power growth
just as the exponential growth becomes dominant. These
results show some interesting tradeoﬀs in achieved perfor-
mance among diﬀerent electron beam parameters. Reduc-
ing N reduces the gain length and, as the ﬁnal undulator
is much longer than the gain length, this yields a strong
improvement in ﬁnal output power, The nominal 1.2 lm
emittance can be used to achieve the same performance
as that of the 1.0 lm emittance beam by taking the addi-
tional step of compressing the beam to increase the current
to 600 A, allowing for a proportional increase in energy
spread.
The dependence of the performance on the input laser
power is seen in Fig. 3. As usual for a harmonic generation
scheme, the output power drops essentially to zero at some
cutoﬀ power (here, around 20 kW). The output power is
fairly insensitive to the input laser power down to 75 kW,
and a 10% variation in laser power leads to a decrease in
the peak output power (centered at 95 kW) of only 5%.
These results give a rough idea of the temporal shape of
the output pulse given the input laser seed, which will be
studied more accurately below using full time-dependent
simulations.
3. Time-dependent simulations
Time-dependent FEL simulations were performed for a
uniform beam proﬁle and a Gaussian HHG laser seed with
a 25 fs FWHM and peak power of 100 kW. The actual out-
put from HHG sources consists of a series of short spikes
separated by half of the fundamental laser period; the typ-
ical wavelength of the fundamental laser is 800 nm [1].
However, the specialized optics required for the transport
of 30 nm radiation from the HHG source to the FEL
may smooth out this temporal structure, and the FEL
interaction itself washes out rapid time structures by a
combination of frequency selection and slippage between
the radiation ﬁeld and the electron beam, as shown in Refs.
[2,18]. In these simulations we neglect the microstructure
within the HHG pulse and treat it as a smooth Gaussian
with frequency content restricted to the desired harmonic.
Neither the temporal envelope nor the transverse proﬁle
of measured HHG pulses are necessarily Gaussian in prac-
tice [2,19], but are taken as such to isolate the eﬀect of noise
in the input seed.
The peak laser power overlaps the electron beam at
t = 0 on the horizontal axis in Fig. 4. The displacement
of the ﬁnal output is due to slippage of the electron beam
with respect to the laser ﬁelds. The studies were carried
out using all the nominal parameters except for N, which
had values of 1.2, 1.0, and 0.8 lm. These cases were previ-
ously optimized for output power based on single-slice sim-
ulations. Table 2 and Fig. 4 summarize the results.
There are several qualitative similarities in the power
plots as shown Fig. 4. Foremost is the asymmetry in the
FEL output, with peak power at the leading edge of the
pulse that is even more than predicted from single-slice sim-
ulations. The average power within the core of the pulse is
in reasonable agreement with the single-slice simulation
results of Table 1. This feature occurs even in the absence
of HHG ﬂuctuations or shot noise in the electron beam.
The ubiquitous appearance of this feature suggests that this
is an intrinsic characteristic of this FEL scheme when
seeded with such a short Gaussian laser pulse. When the
slippage length and pulse width are comparable to each
other, phase variations across the pulse resulting from the
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Fig. 4. The top graph shows the power proﬁle at the end of the FEL as a
function of longitudinal position for various examples, while the bottom
graph shows the spectrum for the 1.2 lm N case. The spectra in the other
examples are similar except for their magnitude, as is expected since the
spread in frequency is largely determined by short duration of the pulse.
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variation in initial seed power act as an eﬀective detuning
[20], which in some portions of the pulse enhances FEL
ampliﬁcation and in other portions interferes. The optical
klystron conﬁguration appears to enhance this eﬀect. Also
notable is the dramatic rise in peak power between the 1.2
and 0.8 lm emittance cases, by slightly more than a factor
of two. This conﬁrms that the single-slice runs give a good
indication of FEL behavior.
To estimate the longitudinal coherence of the output
laser pulse we can compare the expected FWHM in the
spectrum, assuming a perfect Gaussian output power pro-
ﬁle with the same duration (in terms of FWHM) as mea-
sured in the top graph of Fig. 4, to the observed FWHM
in the spectrum. An ideal Gaussian pulse is used for com-
parison to include both the eﬀects of phase variations and
ﬂuctuations in output power, both of which are indicative
of a loss of longitudinal coherence. The expected FWHM
in the spectrum for a Gaussian output proﬁle is given by
Dk=k0 ¼ 0:44k0=cDt. Here, k0 is the nominal wavelength
(3.75 nm in our case), Dt is the FWHM of the power pro-
ﬁle, and Dk is the expected FWHM of the spectrum. In
Fig. 4, we see that the FWHM of the power proﬁle is about
20 fs for each case, which gives Dk=k0 ¼ 0:028%. In the
observed spectrum we have a FWHM of about 0.05%,
which is a factor of 1.8 times larger than the calculated
result. This is a reasonable result for the longitudinal
coherence, since our output power proﬁle has two or more
peaks in each case. We can do a similar calculation for an
output power proﬁle given by a square pulse 20 fs long with
no phase variation, which yields an expected FWHM of
0.056%. There is in fact very little phase variation, approx-
imately 1 rad, across the output pulse.
4. Comparison to a two-stage FEL seeded at 240 nm
We now consider an alternative FEL design using a
240 nm wavelength laser seed with a peak power of
100 MW. This FEL, as seen in Fig. 5, incorporates two
harmonic stages to reach the same ﬁnal wavelength. Each
stage consists of a modulator, a magnetic chicane, and a
radiator, and a ‘‘fresh-bunch’’ approach [21] is used
between stages, so that the radiation produced at the ﬁrst
stage (at the 8th harmonic of 240 nm, or 30 nm) subse-
quently overlaps a previously unmodulated section of the
electron bunch. The ﬁrst undulator has a period of
12 cm, and is 2.4 m long. Its gain length is 1.6 m. After a
magnetic chicane with R56 = 18 lm, the electrons enter
the ﬁrst radiator. Starting with a laser pulse of 100 MW,
the initial bunching in the ﬁnal radiator is 6.4%, and the
ﬁnal output power is 236 MW. Time-dependent results
are shown below in Fig. 6. In order to yield an output pulse
with similar characteristics to that of the EUV-seeded FEL,
the pulse duration of the laser seed is taken to be 45 fs
FWHM, for a total pulse energy of 4.8 lJ. The increased
peaking of the output pulse is due to the additional nonlin-
earity introduced by the ﬁrst stage, where the signal is
upshifted from a 240 nm wavelength to a 30 nm wave-
length. Furthermore, the slippage in the ﬁrst undulator is
much greater than in the HHG-seeded examples (16 fs
compared to 6 fs), so that a 25 fs pulse would exhibit even
stronger time-dependent eﬀects.
Table 2
Summary of the time-dependent simulation results
Setup (lm) Peak power (MW) FWHM in spectrum (%)
N ¼ 1:2 310 0.046
N ¼ 1:0 460 0.045
N ¼ 0:8 660 0.043
Fig. 5. Schematic of an FEL seeded by a 240 nm VUV pulse. The ﬁrst
undulator is tuned for 240 nm, has 20 periods and a 12 cm wavelength.
The next two undulators are tuned for 30 nm, have 80 and 60 periods
respectively, and a 3 cm wavelength. The ﬁnal radiator has a 1.5 cm
wavelength and is 12 m long (800 periods). The breaks between undulators
are each 1 m long and contain either a magnetic chicane for bunching, or a
‘‘fresh-bunch’’ delay section for the center break.
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The output from this FEL is, by design, closely similar
to that of the HHG-seeded FEL, although the peak output
power is slightly lower. The example using an HHG seed
has a more complex power proﬁle, while the main feature
for this case is a slight dip in power near the center of
the output pulse. This is probably a consequence of a curve
similar to that of Fig. 3, where the peak of the laser seed
induces a larger than optimal energy modulation. Both
conﬁgurations end with a similar 12 m long ﬁnal undula-
tor. The FEL seeded with an HHG source requires the
HHG system including a very high-power laser, and an
additional 3.6 m of undulator; the FEL seeded with a
VUV laser requires a more modest laser and a conventional
means for shifting to a shorter wavelength, for example an
optical parametric ampliﬁer, and an additional 6.6 m of
undulator. The use of fresh-bunch technique for the
VUV-seeded FEL also imposes additional constraints on
synchronization, although for the short pulses considered
this should not be an issue.
Laser seeds having diﬀerent input power can be acco-
modated by varying the length of the initial modulator.
The length of modulator should approximately scale as
the inverse square root of the peak power to yield the
same output power. This scaling holds reasonably well
even when the spot size of the laser seed is kept ﬁxed,
until the modulator becomes suﬃciently long that either
the laser seed becomes ampliﬁed, or diﬀraction reduces
the overlap between the laser and electron beams. For
the case of an FEL seeded by a conventional, 240 nm
wavelength laser, the required length of modulator fol-
lows the above scaling for peak powers which vary by
an order of magnitude from the nominal value of
100 MW. For the nominal EUV seed power of 100 kW,
the modulator is 1.8 m long; the above scaling applies
for higher seed power, but with 25 kW peak power, the
modulator only needs to be 3.0 m long due to ampliﬁca-
tion of the seed within the modulator. It appears that
the limiting factor on the ability to use a low-power
EUV signal is competition from exponential growth of
noise rather than any inability to suﬃciently modulate
the beam, although for short-duration pulses there will
be stronger eﬀects of slippage as longer modulators are
used. The gain length for the ﬁrst modulator is 0.8 m,
and in the 25 kW example the laser seed is ampliﬁed to
100 kW within 3 m of undulator; shot noise in the elec-
tron beam as well as any noise in the seed laser will be
similarly ampliﬁed. Competition between ampliﬁcation
of the input seed with ampliﬁcation of shot noise through
SASE sets a minimum power level for the input seed. This
is especially true for short seed pulses, where only a small
fraction of the electron beam may be exposed to the input
seed. All time-dependent simulations presented in this
paper include the standard model provided by GENESIS
for shot noise within the electron beam distribution,
although the parameters for these FEL conﬁgurations
have been designed to be fairly insensitive to the expected
levels of shot noise.
5. Sensitivity to input laser noise
We now consider the sensitivity of the FEL to noise in
the input laser seed. As little is known about the power
and phase ﬂuctuations of HHG sources, and as diﬀerent
conventional laser systems exhibit various noise character-
istics, a generic noise model is used to estimate tolerance
levels for the two FEL designs. Noise can originate either
in the initial drive laser or in the optical manipulations
which need to be performed downstream. The noise model
used is a ﬂat power spectrum within some interval around
the laser seed frequency. Simulations incorporating this
noise model are used to determine the level of noise at
which signiﬁcant ﬂuctuations in the output spectrum or
power proﬁle result. This serves as a rough indicator of
the seed quality required to achieve high shot-to-shot
repeatability. Note that more coherent forms of jitter, such
as variations in peak power or energy per pulse, are not
considered except insofar as they may result from incoher-
ent noise.
Due to the resolution and time-window of the simula-
tions, the noise levels are modelled as a ﬁxed number of fre-
quency bins, each of which have constant power and
random phase. The electric ﬁeld proﬁle resulting from this
spectrum is then added to the electric ﬁeld of the ideal laser.
Because the frequency components far from the resonant
wavelength are not expected to have much of an eﬀect on
the FEL, we describe the noise levels in terms of power
per 0.1% bandwidth relative to the resonant wavelength.
For reference, the HHG seed at 30 nm with 100 kW peak
power and 25 fs FWHM has a peak longitudinal photon
density in optical phase space of 53 kW per 0.1% band-
width. The 240 nm laser with 100 MW peak power and
45 fs FWHM has a peak longitudinal photon density of
12.0 MW per 0.1% bandwidth. In the ﬁgures below, the
example power proﬁles for the seed including noise are
smoothed over a 5 fs time scale, which is slightly longer
than the slippage during the ﬁrst undulator. Examining
the noise on a ﬁner grid only adds spikes which are not
in fact resolved by the electrons themselves. Separating
the radiation into signal and noise terms, the harmonic
generation process is expected to degrade the signal to
noise ratio by a factor of N2 compared to the input signal,
where N is the total harmonic conversion factor [22,23].
Because increased phase incoherence is an important aspect
of the harmonic conversion process, the eﬀect of the noise
is more apparent in the spectrum than in the power proﬁle.
This enhancement in noise from the harmonic ampliﬁca-
tion process implies that even a nearly transform-limited
input pulse can yield longitudinally incoherent output at
a high harmonic. This eﬀect not only applies to harmonic
generation in an FEL, but to the HHG process and to
the process (for example, optical parametric ampliﬁcation)
used to produce the VUV laser from a drive laser that is
also typically a Ti:Sapphire laser at 800 nm. Thus, HHG
pulses would be expected to have a lower signal to noise
ratio than VUV pulses produced from similar drive lasers
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simply due to the higher harmonic ampliﬁcation factor.
However, as the total harmonic factor from the drive laser
to water window wavelengths is the same, noise in the drive
laser should in principle have a similar eﬀect in either
conﬁguration, unless other sources of optical noise are
present.
For the nominal example using an EUV seed, signiﬁcant
distortions in the output proﬁle and spectrum are apparent
when the noise level is of the order of 200 W per 0.1%
bandwidth. This is a factor of approximately 250 below
the signal in terms of longitudinal photon density in optical
phase space, although the noise is taken to have a much
broader spectrum. Fig. 7 shows examples of the laser seed
in the presence of noise levels of 50 W and 200 W per 0.1%
bandwidth. The resulting output at 3.75 nm is shown in
Fig. 8 for multiple test cases; for a given noise level, each
test case corresponds to a diﬀerent random number seed
used to generate the input noise. For this FEL design,
the ﬂuctuations in the power proﬁle due to noise are com-
parable to the ﬂuctuations in the spectrum.
For an FEL seeded with a 240 nm laser, signiﬁcant dis-
tortions in the output are apparent when the noise level is
of the order of 1 kW per 0.1% bandwidth. This is a factor
of approximately 12,000 below the signal. The much larger
factor than in the HHG-seeded FEL is largely explained by
the factor of 64 in wavelength between the laser seed and
the output, compared to a factor of 8 in the previous case.
Through the harmonic conversion process, the signal to
noise ratio is expected to degrade by the square of the total
harmonic multiplication factor. This enhancement in noise
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Fig. 7. Examples of HHG seed power proﬁles, ideal (no noise) and with
noise levels of 50 W and 200 W per 0.1% bandwidth.
0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0.35
 0.4
-60 -50 -40 -30 -20 -10 0  10  20  30  40
Po
w
er
 (G
W
)
t (fs)
0
1×108
2×108
3×108
4×108
5×108
6×108
7×108
8×108
 330  330.2  330.4  330.6  330.8  331  331.2  331.4
# 
ph
ot
on
s 
/ m
eV
Photon energy (eV)
0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0.35
 0.4
 0.45
-60 -50 -40 -30 -20 -10 0  10  20  30  40
Po
w
er
 (G
W
)
t (fs)
0
1×108
2×108
3×108
4×108
5×108
6×108
 330  330.2  330.4  330.6  330.8  331  331.2  331.4
# 
ph
ot
on
s 
/ m
eV
Photon energy (eV)
Fig. 8. Power proﬁle and spectrum of multiple examples of an HHG-seeded FEL with noise levels of 50 W (top) and 200 W (bottom) per 0.1% bandwidth.
Each curve corresponds to a diﬀerent random number seed used to generate the input laser noise.
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will be characterized as a larger eﬀective longitudinal pho-
ton density for the initial seed noise. Thus, for the ‘‘high-
noise’’ HHG-seeded example, the eﬀective initial noise level
is estimated to be 12.8 kW per 0.1% bandwidth, or 24% of
the signal. For the ‘‘high-noise’’ conventional laser exam-
ple, the eﬀective input noise level is estimated to be
4.1 MW per 0.1% bandwidth, or 34% of the signal. Note
that for the FEL seeded with a 240 nm laser, the ﬂuctua-
tions in the power proﬁle due to noise are much weaker
than the ﬂuctuations in the spectrum. The character of
the noise enhancement produced by harmonic conversion
emphasizes phase noise over power ﬂuctuations at high
harmonics.
Fig. 9 shows examples of the laser seed in the presence
of noise levels of 250 W and 1 kW per 0.1% bandwidth.
The resulting output at 3.75 nm is shown in Fig. 10. The
seed duration is longer, with a FWHM of 45 fs, to acco-
modate the extra narrowing incurred by the additional
harmonic stage. It is notable that noise levels correspond-
ing to a signiﬁcant degradation in the output are charac-
terized by a much weaker distortion in the input seed
laser than the analogous examples for the HHG seed.
The diﬀerence between the power proﬁle and spectrum
in terms of sensitivity to noise is also more prominent
than in the EUV-seeded FEL. For the example with
250 W per 0.1% bandwidth of noise, the power proﬁle
is very well-deﬁned except for ﬂuctuations in the peak
power, whereas the spectrum already has signiﬁcant ﬂuc-
tuations not only in width but in the central wavelength
as well. The large overall jump to the 64th harmonic
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Fig. 9. Examples of 240 nm laser seed power proﬁles, ideal (no noise) and
with noise levels of 250 W and 1 kW per 0.1% bandwidth.
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Fig. 10. Power proﬁle and spectrum of multiple examples of an FEL seeded with a 240 nm laser with noise levels of 250 W (top) and 1 kW (bottom) per
0.1% bandwidth. Each curve corresponds to a diﬀerent random number seed used to generate the input laser noise.
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yields a strong sensitivity to phase errors in the input
laser seed; however, conventional lasers may be expected
to have tighter control over phase noise than an HHG
laser. In both examples, setting tolerances on noise in
the seed is clearly an important aspect of designing an
FEL.
6. Conclusions
We have presented the results of a performance study of
FELs using a low-power HHG-generated EUV pulse as a
seed. The FEL uses a harmonic generation FEL in the
high-gain regime. For parameters which are somewhat
aggressive, but reasonable, GENESIS simulations indicate
robust performance and good X-ray output at 3.75 nm.
Full time-dependent simulations have been performed for
several examples. The EUV-seeded FEL is compared to a
two-stage harmonic cascade FEL which produces
3.75 nm X-rays starting from a 240 nm wavelength laser
seed (one that could have, alternately, produced the EUV
seed for the ﬁrst FEL). Time-dependent simulations were
used to study the sensitivity of these two types of FEL to
noise in the input seed.
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